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Abstract
Rate coefficient for state-to-state rotational transitions in H+ collision with CS has been obtained
using accurate quantum dynamical close-coupling calculations to interpret microwave astronomical
observations. Accurate three dimensional ab initio potential energy surfaces have been computed
for the ground state and low-lying excited states of H+ − CS system using internally contracted
MRCI method and aug-cc-pVQZ basis sets. Rotational excitation and deexcitation integral cross-
sections are computed at low and ultra low collision energies, respectively. Resonances have been
observed at very low energies typically below 50 cm−1. Among all the transitions, ∆j=+1 and
∆j=−1 are found to be predominant for excitation and deexcitation, respectively. Deexcitation
cross-section in the ultracold region is found to obey Wigner’s threshold law. The magnitude
of state-to-state excitation rate obtained is maximum for j′=1 in the temperature range 2−240
K while minimum for deexcitation in ultracold region. The rotational excitation cross-section
obtained using vibrationally averaged potential show rotational rainbow maximum for j′=2 state.
From simple unimolecular kinetics, the mean lifetime of rotationally excited CS trap is estimated
to be 550 ns due to the H+ collision at microkelvin temperature enabling precise spectroscopic
measurement and studying molecular properties near quantum degeneracy.
∗Electronic address: dhilip@iitrpr.ac.in
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I. INTRODUCTION
Chemical processes in the interstellar medium occurring due to the ion-neutral collisions
play a fundamental role in the areas of molecular physics and astrophysics. Proton collision
with diatomic molecule is important in atmospheric chemistry and combustion processes.
Various bound protonated molecular ions, such as H+3 , HCO
+, HCS+, etc., have been
identified in the interstellar medium through radio-astronomical spectra.1,2 Inelastic and
charge transfer processes are responsible for the formation of these protonated ionic species.
Many sulfur containing diatomic and polyatomic molecules have been detected in dense
interstellar clouds. Among them, carbon monosulfide (CS) discovered in 1971 in the
interstellar clouds and thioformyl cation, HCS+, detected in 1981 have attracted attention
in understanding the sulfur chemistry of the interstellar clouds.3,4 CS is the first sulfur
containing molecule detected in the interstellar space. It is a tracer gas in several regions of
interstellar medium in our galaxy as well as in external galaxies. Collision of CS molecule
with neutral species have been studied with most abundant molecules, He and H2.
5,6 HCS+
detection in dense interstellar clouds is due to large CS proton affinity and CS on reaction
with protonated H+3 species favor HCS
+ formation.7,8
Several chemical schemes have been proposed for the formation and dissociation of
HCS+ with its dissociative recombination mechanism and the results are validated by
rate-coefficient calculations. Branching ratios and absolute cross-sections have been
measured for the dissociative recombination of HCS+.9 Gerones et al. have analyzed the
HCS+ formation and its high stability over the range of photon energies.10,11 In the past ab
initio studies have been performed to obtain the spectroscopic properties of HCS+ with its
optimized structural parameters.12 Configuration interaction (CI) method with triple-zeta
basis sets has been employed to study HCS+/HSC+ isomerization in 1985.13 In 1991, Talaty
et al. reported that the HCS+ isomer is linear and global minimum while its HSC+ isomer
is bent and higher in energy.14 Molecular properties, isomerization, and energetics of neutral
CS, HCS/HSC and HCS+/HSC+ systems have been studied by Puzzarini.15 Cotton et al.
have performed structural and spectroscopic studies of CS-HCS+ van der Waals complex.16
The structural parameters, harmonic vibrational frequencies and charge distribution data
of noble gas (Ng) inserted in the HCS+ ion resulting in HNgCS+ has been studied at
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MP2, DFT and CCSD(T) level of methods.17 Recently, the time-dependent wave packet
dynamics and charge transfer processes have been reported between the one-dimensional
ground state (GS) and the low-lying excited states (ES) potential energy curves in collinear
and perpendicular approaches of H towards CS+ at the MRCI/aug-cc-pVQZ level of theory.18
A kinetic study is important to understand the mechanisms and nature of molecule
formation during collisions. Study of collisional rates of CS with H+ ion is important and
still lacking. Interpretation of observed spectroscopic data by theoretical methods require
kinetic models that include the study of rate coefficients and in turn, cross-sections of
colliding species, H+ − CS. An isovalent and abundant species HCO+, has been explored
for low-energy rotational inelastic transitions between H+ - CO (for j ≤ 4)19 and H +
CO+ (for j ≤ 8)20 with the computation of cross-sections and corresponding rate coefficient
details. The study of HCS+ with its isovalent species, HCO+ and N2H
+, which are unique
targets to explore the chemistry of molecular ions in protostellar shocks, has been done
in the past to calculate the rate coefficients of the species in collision with He. Later,
the abundance of HCS+ has been calculated using large velocity gradient approximation
in radiative transfer code taking the collision rate coefficients calculated by Monteiro in
1984.21,22 Recently, Dubernet et al.23 have studied the He-HCS+ system by computing their
potential energy surface and inelastic rate coefficients for j ≤ 20 in the temperature range
5 − 100 K and also compared the results of rate-coefficients computed previously.21 To the
best of our knowledge, there are neither experimental study nor theoretical data available
on inelastic low-energy rotational excitation and deexcitation of CS collisions with H+.
The analysis of observed spectra and estimation of abundance often requires collisional
excitation and deexcitation rate coefficients. Quantum dynamics study of ion-neutral
energy transfer process widens the understanding of kinetics of interstellar medium.24
In addition, such collisions at very low energies by cooling to ultracold regime around 1
microkelvin temperatures are being investigated for precise spectroscopic measurements
and to study the properties of molecular gases near quantum degeneracy.25–27 This will
enable fundamental advance in quantum information processing and ultracold plasmas. The
calculations of rotational excitation and deexcitation cross-sections and corresponding rate
coefficients are performed for H+ - CS system. To investigate the collisions in the extreme
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quantum regime where a single partial wave dominates the entire collision, the study of
rotational inelastic excitation up to 800 cm−1 is extended to deexcitation transitions from
10−7 cm−1 to 5000 cm−1 for j=5 rotational level of CS.
The present work involves the collision study of H+ with CS which require accurate
potential energy surface (PES). The GS and the low-lying ES PESs of H+ - CS system has
been generated using ab initiomethod and the details are discussed in Sec. II. The multipolar
expansion coefficients of potentials computed using rigid-rotor PES which is extracted from
the full PES is described in Sec. III. Scattering details including the calculation of cross-
sections and corresponding rate coefficients in the rigid-rotor approximation are provided in
Sec. IV and the results obtained using vibrationally averaged potential are provided in Sec.
V. Finally the summary of the present work is provided in Sec. VI.
II. AB INITIO POTENTIAL ENERGY SURFACES
Ab initio calculations have been performed for H+ collision with CS in Jacobi coordinates
to compute interaction potential, where variables R and r represent the distance of proton
from center-of-mass of CS and interatomic distance of CS, respectively, and γ=cos−1(R.r), is
the angle between R and r as shown in Fig. 1. The method employed for the PES calcula-
FIG. 1: Jacobi coordinates representation of H+ collision with CS.
tion is internally contracted multireference configuration interaction (MRCI) as implemented
in MOLPRO package.28 The basis sets of Dunning’s augmented correlation consistent polar-
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FIG. 2: The GS (red) and the low-lying ES (yellow, blue) PESs as a function of R and r at various
orientations (γ).
ized quadruple zeta (aug-cc-pVQZ) for H, C and S atoms are chosen.29 The adiabatic GS and
the first ES PESs are computed for orientations 0◦≤γ≤ 180◦ with 15◦ increment. While the
second ES PES is also computed for collinear (γ=0◦, 180◦) and perpendicular orientations
(γ=90◦) as avoided crossings have been observed in one-dimensional PESs studied previ-
ously to investigate the non-adiabatic couplings present in the system using time-dependent
wave packet dynamics.18 For the Cs point group, the computations employed 210 contracted
functions with 133 in a′ and 77 in a′′ symmetry. The core orbitals having lowest 5 orbitals
in a′ and one orbital in a′′ is kept frozen and are taken from self-consistent field calculations.
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The active orbitals with 6-12 a′ and 1-2 a′′ symmetry incorporate remaining 10 electrons
in the complete active space self-consistent field (CASSCF) calculations. The MRCI cal-
culations following CASSCF method generate reference space of 1589 configurations: N,
N-1 and N-2 internal configuration consist of 2907, 3139 and 2907 configurations, respec-
tively. Total number of contracted configurations, 2436680 include 2744 internal, 864556
singly external and 1569380 doubly external configurations. The plots of computed PES as
a function of R and r at fixed γ for 0◦, 30◦, 75◦, 90◦, 120◦ and 180◦ orientations are shown
in Figs. 2(a)-(f) as reference. PESs are obtained with the set of grid points as follows: R
= 1.4-8.0(0.2) and 8.0-11.2(0.4) ao, r=2.1-3.5(0.1) ao and γ = 0
◦ - 180◦(15◦). The 1−3 1Σ+
and 1−3 1A′ electronic states are computed for collinear (γ=0◦, 180◦) and perpendicular
orientation (γ=90◦), respectively, while 1−2 1A′ electronic states are computed for angular
(off-collinear) approaches. The numbers written in parenthesis implies the increment in the
stated intervals. A total of 8190 ab initio points have been computed with the variation
in R, r, γ being 42, 15, 13 points, respectively. The obtained adiabatic surfaces have been
interpolated using cubic splines and shown in Figs. 2(a)-(f).
A. Analytical Fitting of GS Surface
The ground state potential energy surface has been fitted using the following analytical
expression as a function of R and r at fixed values of γ:
V (R, r; γ) =
7∑
i=0
7−i∑
j=0
Cij
(
1
R
)i(
1
r
)j
(1)
The analytical fitting with the power series expansion in R and r has also been tried to
represent zeroth order harmonic nature of CS vibration. Unfortunately, the function is
not reproducing the potential at longer R and r values resulting in large error. Therefore,
the inverse power expansion function has been tried which is reproducing the potential
accurately with the standard deviation of the fit to be in the range of 0.5−4.8 meV for
various γ orientations. The fitting coefficients, Cij, for γ = 0
◦−180◦ (15◦) are listed in Table
S1 as supporting information.30
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FIG. 3: Variation in the GS potential energy well in terms of well depth as a function of γ from
0◦−180◦.
B. Stability of HCS+ and HSC+ Ions
From the computed ab initio surfaces the PES profile is generated by taking the difference
of energy from minimum of the GS potential energy well to their corresponding asymptotic
potential for every angle (γ). A plot with calculated well depths from HSC+ (γ=0◦) to
HCS+ (γ=180◦), namely, from collinear through all the off-collinear arrangements in Fig.
3 is shown. As one can observe along the minimum at each γ, there is no barrier to the
rotation of H from the S-end to the C-end of CS and the present results are validated with
results reported by Bruna et al. in 1978.31 This makes the detection of HSC+ isomer in
the interstellar medium unreported till date due to small well-depth of 1.88 eV. Moreover,
the linear HCS+ is highly stable relative to its isomeric linear form HSC+ by 4.21 eV (97
kcal/mol) whereas, this difference in energy reported earlier is 110 kcal/mol. This small
energy difference between the present and the earlier reported value is due to the choice
of method and basis sets. Present data can be taken as more reliable as larger basis sets
are employed in the calculation. HCS+ has the minimum energy compared to HSC+ with
dissociation energy of 6.09 eV.
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FIG. 4: (a) Rigid-rotor PES as a function of R and γ at fixed req = 2.900 ao and (b) the contour
plot of rigid-rotor surface of H+ - CS system.
III. SCATTERING STUDY IN RIGID-ROTOR SURFACE
For the scattering study, the rigid-rotor PES has been chosen with the CS bond distance
fixed at an experimental equilibrium distance32 req=2.900 ao. In the present work the closed
channel, H+ - CS (1Σ+), has been considered for scattering study although open channel, H
- CS+ (2Σ+), is also energetically accessible. The rigid-rotor PES is described as a function
of R and γ at req shown in Fig. 4(a). Two-dimensional contour plot of the surface is shown
in Fig. 4(b). The numbers in the plot indicate the energy level of the contours in eV. From
the plots, it can be seen that the global minimum, HCS+ lies at R = 4.0 ao and γ = 180
◦
(3.14 radians).
A. Asymptotic Potentials
Since the collision system is ionic, the asymptotic long-range potential will involve mul-
tipole moments which can be obtained at r = req as described below.
Vas(R, req, γ) ≈
µ
R2
P1(cosγ) +
Q
R3
P2(cosγ)−
α0
2R4
−
α2
2R4
P2(cosγ) +O(P3) (2)
where Vas is the asymptotic potential, µ,Q, are dipole, and quadrupole moments, respec-
tively, and α0 and α2 are dipole polarizability components at req. P
′s denote the Leg-
endre polynomials. The parameters, multipole moments and polarizability components at
req=2.900 ao are computed at the SCF and the MRCI level using MOLPRO package adopt-
ing Dunning’s basis set of aug-cc-pVQZ. The computed values for µ = 0.785 a.u., Q =
8
-1.820 a.u., α0 = 36.996 a.u. and α2 = 23.878 a.u. are used to obtain Vas. R is varied
from 4.0−200.0 ao for computing Vas (long-range interaction potential) and is merged with
the ab initio PES (short-range interaction) available in the range of R=1.4−11.2 ao using
cubic-spline interpolation method. This surface has been used for computing multipolar
expansion coefficients.
B. Multi-Polar Expansion Coefficients
The rigid-rotor surface is fitted in the expansion of Legendre polynomials for scattering
calculation as follows,
V (R, r = req, γ) =
∑
λ
Vλ(R)Pλ(cosγ) (3)
where, P ′λ s are the Legendre polynomial functions. The multipolar expansion coefficients
are computed for λ = 0 to 12 and the plots of 13 computed values of Vλ as a function of
R are shown in Fig. 5. It can be seen from Fig. 5(a) for λ=0-5 that V0 and V2 exhibit
deep potential attractive wells. V1 and V3 display repulsive behavior with barriers. While V4
has shallow well, V5 show barrier-less repulsive behavior. The anisotropy of the interaction
potential observed for Vλ, where λ = 6-12 is shown in Fig. 5(b). The magnitude of the
coefficients decreases as the λ value increases. The coefficients obtained are interpolated
using cubic spline method in the range of R = 1.4−200 a0 for scattering study. The computed
multipolar expansion coefficients indicate anisotropic nature of the rigid-rotor surface. The
resulting Vλ’s are used for the kinetic study to compute various dynamical parameters such
as integral and differential cross-sections, and rate-coefficients at low and ultracold collision
energies. Tabulated values of Vλ fitting coefficients as a function of R are provided in Table
S2 (λ=0−5) and Table S3 (λ=6−12) as supporting information.30
IV. SCATTERING PHENOMENA: CLOSE-COUPLING CALCULATIONS
The effects of anisotropy in potentials can be well studied through rotational transition
cross-sections. To obtain the cross-sections, time-independent coupled scattering equations
are solved as implemented in the MOLSCAT code.33,34 Close-coupling method35,36 (CC)
involve the solution of time-independent Schro¨dinger equation which compute the cross-
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FIG. 5: Radial multipolar expansion coefficients for H+ - CS system as a function of R at r = req
with (a) the lower coefficients Vλ = 0 to 5 and (b) the higher coefficients λ = 6 to 12. A few lower
even coefficients show attractive wells while odd coefficients show repulsive behavior with barrier.
sections as
σj→j′(Ej) =
pi
k2j (2j + 1)
∑
J=0
J+j∑
l=|J−j|
J+j′∑
l′=|J−j|
(2J + 1)|δjj′δll′ − S
J
jj′ll′(Ej)|
2 (4)
where total angular momentum J = l + j includes orbital angular momentum of complex
and rotational angular momentum of the diatomic molecule. kj =
√
2µEj/~ represents the
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TABLE I: Parameters included in the MOLSCAT calculations for excitations.
Energy No. of Total No. Total Angular
(cm−1) Open Channels of Channels Momentum, J
20 5 20 80
50 8 23 100
80 10 25 120
100 11 26 150
200 16 29 200
300 19 32 280
800 31 35 700
wave vector for the incoming channel where Ej is center of mass kinetic energy and Sjj′ll′
is the scattering S-matrix.
The inelastic differential cross-sections can be computed using,
dσj→j′
dω
=
1
(2j + 1)k2j
∑
m,m′
∣∣∣∣∣
∑
l′
(2l′ + 1)
[
(l′ − |m−m′|)!
(l′ + |m−m′|)!
]1/2
Al
′
(jm→j′m′)P
|m−m′|
l′ (cos θ)
∣∣∣∣∣
2
(5)
in the center-of-mass of the system in which the initial and final wave vectors, kj and kj′,
are related via cos θ = kj.kj′. The partial amplitude A
l′
(jm→j′m′) is related to transition
matrix, T Jjl→j′l′ which in turn is related to scattering S-matrix.
The rate coefficients are calculated by averaging the obtained cross-sections over a Boltz-
mann distribution of kinetic energy
kj→j′(T ) =
√
8kBT
piµ
(
1
kBT
)2 ∫ ∞
0
σ(Ej)Ej exp
(
−Ej
kBT
)
dEj (6)
where kB is the Boltzmann constant and µ is the reduced mass of the system.
A. State-to-State Excitation Cross-sections and Rate Coefficients
Reliable close-coupling method is used to compute the cross-sections in the energy range
of 2−800 cm−1 employing the diabatic modified log-derivative method of Manolopoulos for
11
Total Angular Momentum
FIG. 6: Computed partial opacities for state-to-state inelastic cross-sections as a function of total
angular momentum for the CC calculation at E = 300 cm−1.
radial integration of coupled channel equations.37 The input parameters in the calculation
are taken as, CS rotational constant, Be = 0.81923 cm
−1 and reduced mass of the system,
µ, being 0.985 a.u. with values of Rmin and Rmax as 1.4 and 100 a0, respectively. The CC
calculations have been performed from an energy value corresponding to the opening of the
lowest inelastic channel to a total energy of 800 cm−1. The energy range has been carefully
spanned to observe the presence of resonances due to quasi-bound states supported by
the attractive part of the interaction potential. The energy steps are 0.1 cm−1 below 40
cm−1, 1 cm−1 from 40 to 100 cm−1, 20 cm−1 from 100 to 400 cm−1, and 100 cm−1 from
400 to 800 cm−1. Minimum 13 closed channels are included at each collision energy up to
300 cm−1 to ensure convergence of cross-section. Maximum value of rotational quantum
number taken is 35 at E = 800 cm−1. Steps parameter is kept at 30 up to 100 cm−1
and at 10 for energies above 100 cm−1. Cross-sections as a function of number of closed
channels for j=0 to j′=1 excitation at different energies is shown in Fig. S1 of supporting
information.30 Also, convergence of cross-sections are achieved through sufficient number
of partial waves or total angular momentum. To test the convergence, inelastic opacities
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FIG. 7: Computed state-to-state integral cross-section for excitations from j=0→j′=1, 2, 3, 4
using the CC method up to E = 200 cm−1.
have been computed for the lowest four channels as a function of total angular momentum
and shown for the collision energy E=300 cm−1 in Fig. 6. The magnitude of opacity is
quite large for (0 → 1) transition and it decreases in the order from (0 → 2), (0 → 3)
and (0 → 4). The convergence is ensured at values of angular momentum (maximum) of
280 when the collision energy is 300 cm−1. The parameters used in the calculation are
provided in the Table I. The calculations are performed using parallel code34 of MOLSCAT
for energies above 400 cm−1.
Full close-coupling calculations have been performed at low energies (2−800 cm−1) and
Fig. 7 displays the variation of calculated rotationally inelastic excitation cross-sections
(σj→j′) as a function of collision energy up to 200 cm
−1. The rotational excitations
computed are plotted for j=0 → j′ = 1−4. Close examination of the cross-sections
at low energies typically below 50 cm−1 show resonances. The cross-sections oscillate
at low energies attaining maximum while with the increase of energy the magnitude of
cross-sections decreases and plateau is reached. Maximum value of cross-section is found
13
FIG. 8: Differential cross-sections for j = 0 → j′ = 1 excitation at the range of collision energies
below 50 cm−1.
in the transition from j = 0→ j′ = 1, which decreases for higher rotational energy levels
in the order of j = 0 → j′ = 2−4. For all the excitations, cross-sections follow the similar
behavior. The calculations involving close coupling method for excitations are performed
with energy restricted up to 800 cm−1 as convergence of cross-sections put limitation with
the increase of open channels and value of total angular momentum. This is due to collision
energy increase, the number of j levels coupled by the potential increases and the number
of close-coupling equations to be solved become very large.
The CC S-matrices obtained from MOLSCAT are used to compute state-to-state
differential cross-sections, dσ/dω, at intervals of 1◦ using the Eq. (5). The results are shown
in Fig. 8 which shows the angular scattering for the transitions j = 0 to j′= 1 at different
energy values, namely, E = 2, 10, 20 and 50 cm−1. For clarity, the differential cross-sections
at increasing energies have been shifted by one order of magnitude higher correspondingly.
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FIG. 9: Computed state-to-state rate-coefficient for excitation from j=0→j′=1, 2, 3, 4 using the
CC method.
It is evident from the figure that the oscillations in the differential cross-section is less at
lower energy while it gradually increases attaining maximum at 50 cm−1.
The values of the cross-section allow one to calculate rate-coefficients as function of tem-
perature using the Eq. (6). The state-to-state rate coefficients are computed for rotational
transitions over a range of temperatures up to 240 K as shown in Fig. 9. The rates are higher
for (0 → 1) transitions similar to cross sections and decreases for other higher excitations.
In the spanned range of temperatures, rates are found to be large in magnitude for (0 →
1). (0 → 2) excitation rate is found to be two-third in magnitude of (0 → 1) while (0 → 2)
rate is one-half of (0 → 1) magnitude.
15
FIG. 10: Deexcitation cross-sections as a function of kinetic energy for j=5→j′=0, 1, 2, 3, 4
transitions.
B. State-to-State Deexcitation Cross-Sections and Rate Coefficients
State-to-state cross-sections have been obtained for rotational deexcitation of CS
molecule for initial level of j=5 to final lower rotational levels j′=0, 1, 2, 3, 4. The CC
method is computationally expensive for higher energies and the coupled state approx-
imation method results does not overlap with the CC result in this system. Therefore,
state-to-state deexcitation cross-sections have been calculated up to 5000 cm−1 using the
CC method. For the computation of cross-sections at ultra low energies from 10−7 cm−1 the
logarithmic energy grid has been used. The hybrid modified log-derivative Airy propagator
of Alexander and Manolopoulos38 which uses the diabatic modified log-derivative method
at short range, while changes to the Airy propagator at long range is employed. For the
ultra-cold collision regime, Rmax is extended up to 200 ao with Rmid=110 ao with 30 as
steps parameter in the input. Deexcitation cross-section from kinetic energy 10−7 cm−1 to
16
FIG. 11: Deexcitation rate coefficients as a function of temperature for j=5→j′=0, 1, 2, 3, 4
transitions.
5 × 103 cm−1 for j = 5 to j′ = 4−0 has been computed as a function of kinetic energy and
shown in Fig. 10. Parallel code34 of MOLSCAT has been used to compute cross-sections for
the collision energy range of 400 cm−1−5000 cm−1. It is observed that ∆j = -1 dominates
rotational quenching from higher rotational level to all lower possible rotational energy
levels. With the increase of j′, the magnitude of cross-section increases and it is maximum
for j′ = 4. Resonances are seen in the energy range from 2−50 cm−1 and these gets
suppressed with increasing rotational energy levels. In the ultra low energy regime, the
cross-section is found to vary inversely to the velocity below 10−4 cm−1. This behavior is
in accordance as predicted by Wigner threshold laws39 at ultra-low collision energies where
only the s-wave scattering contributes and the cross-section vary inversely with the relative
velocity. The deexcitation cross-sections decrease to a minimum near 10−3 cm−1 and then
increases to reach maximum at 10−7 cm−1.
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The rotational quenching rate-coefficients for j=5→ j′=4−0 as a function of temperature
have been obtained by averaging the cross-section over Boltzmann distribution of kinetic
energy and shown in Fig. 11. The temperature is varied from 10−6 K to 200 K. The
collision rates found to be low and constant up to 10−4 K then increases gradually with
increasing temperature for all transitions. The deexcitation rate from j = 5 to j′ = 4 is
found to be maximum and decreases gradually for each j′ level with the lowest for j′=0.
This shows that ∆j=−1 transition is dominant among all. The reported state-to-state
rate coefficients for collisional excitation and deexcitation will help in describing dynamics
of energy transfer process and interpretation of microwave observations of the interstellar
gas. To our knowledge, unfortunately, there has been no experimental data available of
rate coefficient for rotational transitions of CS-H+ collision system. It is presumed that in
future the availability of experimental data will give credence the theoretical reported rate
coefficients.
In the ultracold temperature region, total deexcitation rate coefficient is found to be 1.8
× 10−09 cm3 s−1 for the initial j=5 state. From the total deexcitation rate coefficient the
mean lifetime (τ) of the rotational excited state of the CS in the H+ environment has been
estimated. A qualitative estimate of the typical quenching lifetime expected under trap
condition can be obtained from the simple unimolecular kinetic equation,
d
dt
N (CS)
∗
(t) = −λN (CS)
∗
(t) (7)
where N(CS)
∗
(t) is the number density of the excited rotational states of the CS molecule
present at time t, λ = k(T).N0
H+ describe an effective unimolecular decay rate, k(T) is ef-
fective temperature-dependent quenching rate coefficient, N0
H+ is the H+ number density.40
The mean lifetime of CS present in the trap is then given by τ = 1/λ = 1/(k(T).N0
H+).
Assuming a typical number density of H+ = 1016 cm−3 and at ultracold temperature in the
range of microK with k = 1.8 × 10−09 cm3 s−1 for initial j = 5 state, the mean lifetime, τ ,
of a typical rotationally excited state CS in the trap will be 550 ns, a time interval which
corresponds to an effective decay rate, λ, 1.8 × 107 s−1. To our knowledge, there is no
rate coefficient data reported for rotational transitions taking place ranging from ultracold
to low energy regions of H+ collision with CS molecule. In addition, the life-time and de-
cay rate data obtained at the ultracold region will help to arrive at precise spectroscopic
18
measurements and to study the properties of molecular gases near quantum degeneracy.
V. SCATTERING STUDY IN VIBRATIONALLY AVERAGED POTENTIAL
0 2 4 6 8 10 12 14
-3
-2
-1
0
1
2
3
(a)
V18
V16
V14
V12
V10
V1
λ
 
(eV
)
R (a.u.)
0 2 4 6 8 10 12 14
-3
-2
-1
0
1
2
3
(b)
V19
V17 V15
V11
V13
V1
λ
 
(eV
)
R (a.u.)
FIG. 12: Radial multipolar expansion coefficients for vibrationally averaged potential as a function
of R with (a) the even and (b) odd coefficients.
The rotational excitation cross-section using vibrationally averaged potential have been
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FIG. 13: Comparison of the computed integral cross-sections for rigid-rotor potential and vibra-
tionally averaged potential into all allowed values of j′ at E = (a) 50 cm−1, (b) 80 cm−1, (c) 160
cm−1 and (d) 200 cm−1
calculated for the system. The vibrationally averaged potentials have been obtained using
the corresponding vibrational wavefunctions as shown below:
V 1(R; γ) = 〈ψv|V (R, r; γ|ψv〉, (8)
where V 1 defines the averaged potential obtained for vibrational state v, with the
vibrational wavefunction, ψv. The anisotropy of V
1 obtained is analyzed in terms of
multipolar expansion coefficients, V 1λ , obtained using Eq. (3) and shown as a function
of R in Fig. 12. Vibrationally averaged V 1λ terms are similar from those obtained by
employing the rigid-rotor potential Vλ at r = req. V
1
0 −V
1
5 are strong in magnitude and
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their characteristics are almost similar to the rigid-rotor Vλ’s as shown in the figure.
However, V 11 and V
1
3 terms shows repulsive maximum at larger radial distance with
centrifugal barrier and becomes attractive by crossing the radial axis at shorter R values.
Higher V 1λ potentials exhibit similar behaviour at larger radial distances as observed
for the rigid-rotor Vλ potentials. Tabulated values of V
1
λ fitting coefficients as a function
of R are provided in Table S4 (λ=0−5) and Table S5 (λ=6−12) as supporting information.30
The integral cross-section has been computed using vibrationally averaged potential V 1λ
under CC scheme at the collision energies, E=50, 80, 160 and 200 cm−1 and shown in Fig. 13
as a function of j′. For comparison, the cross-sections computed using rigid-rotor potential
is also shown. The rotational cross-sections computed using V 1λ potential at various energies
is found to be larger in magnitude as compared to those obtained from using the rigid-rotor
potential, Vλ, for the lower j
′ states and merging together for higher j′s states. Rotational
rainbow maximum is observed at j′=2 for the cross-sections computed at various collision
energies using vibrationally averaged potentials.41,42
VI. SUMMARY AND CONCLUSIONS
Ab initio full PESs of H+-CS system have been generated using the MRCI/aug-cc-pVQZ
method. The GS PES computed for various angular orientations reveals the stable config-
uration of linear HCS+ with dissociation energy of 6.09 eV. Potential energy profile of the
system displays the barrier-less rotation of H from the S-end to the C-end of CS. Multipolar
expansion coefficients computed from the surface indicate anisotropic nature of the system.
Inelastic rotational excitations and deexcitations have been studied in the H+ - CS system
in the GS at low energy (2−800 cm−1) and ultra-low energy (10−7 to 5 × 103 cm−1) regime
on the rigid rotor PES extracted from the full PES at req=2.900 ao. Cross-sections are com-
puted for inelastic rotational transitions using the CC method. The rotational transitions
favor ∆j=+1 and −1 for excitation and deexcitation, respectively. Wigner’s threshold law
is obeyed for energies less than 10−4 cm−1 where the magnitude of cross-section increases as
the collision energy in ultracold region is decreased. Rate coefficients calculated for range of
energies will help in interpretation of rates of formation and decomposition of astronomical
species. Scattering dynamics has been performed using vibrationally averaged potential of
21
CS molecule. The anisotropy for the vibrationally averaged potential has been analyzed
in terms of multipolar expansion coefficients. The rotational cross-sections obtained using
vibrationally averaged potential showed rotational rainbow maximum for j′=2 state. An
estimate of mean lifetime of the trapped CS due to H+ collision in microkelvin region is
found to be very long time (550 ns) which will allow precise spectroscopic measurement and
to study the properties of molecular gases near quantum degeneracy.
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